Determination of the role of mitochondrial (mt) ATP synthesis in plant metabolism is complicated by chloroplastic ATP synthesis. To differentiate ATP synthesis from these two organelles, we created transgenic Arabidopsis plants in which two different subunits of the mt ATP synthase, the oligomycin sensitivity-conferring protein (OSCP) (= δ ) (ATP5) and the γ (ATP3) subunit, were expressed individually in antisense orientation under the control of a dexamethasone-inducible promoter. The phenotypic effects of antisense expression were identical for both atp5 and atp3 . Seedling lethality resulted from induction during germination in the light, demonstrating the essentiality of both gene products. Reduced expression of either gene resulted in stunting of dark-grown (etiolated) seedlings, downward curling or wavy-edged leaf margins of light-grown plants and ballshaped unexpanded fl owers. Antisense induction reduced total ATP levels in dark-grown (etiolated) seedlings germinated on media lacking sucrose, but increased total ATP levels in induced light-grown plants and in induced dark-grown seedlings germinated on media containing sucrose. Induction reduced transcript levels for two transcription factors (TCP3 and TCP4) whose decreased expression is associated with a similar wavy-edged leaf phenotype in Arabidopsis, and increased transcript levels for dynamin-related proteins whose increased expression is associated with increased mt division. Reduced expression of these subunits of the mt ATP synthase is proposed to disturb cellular redox states, which ultimately manifest downstream as diverse and seemingly unrelated phenotypes.
Introduction
Mitochondria are often referred to as the energy powerhouses of eukaryotic cells because they are able to convert the energy stored in complex molecules into the energy currency, ATP, via oxidative phosphorylation. F 0 F 1 -ATP synthase, a large multi-subunit complex within the inner mitochondrial (mt) membrane, is the site of mt ATP synthesis. Plants have an additional ATP-generating organelle, the chloroplast, which is able to convert the energy in sunlight into ATP via photophosphorylation by an F 0 F 1 -ATP synthase within the thylakoid membrane. The mt F 0 F 1 -ATP synthase and chloroplastic (cp) F 0 F 1 -ATP synthases share a conserved basic structure of an extrinsic catalytic F 1 domain linked to a membrane-bound F 0 domain by central and peripheral stalks (reviewed by Yoshida et al. 2001 ) .
Aberrations in mt ATP synthesis have been implicated in cytoplasmic male sterility (cms), the mitochondrially determined inability of a plant to produce functional pollen, because this phenotype has often been associated with chimeric or altered genes for mitochondria-encoded subunits of the mt ATP synthase, such as atp1 ( α ), atp6 (F 0 ), atp8 (F 0 ) and atp9 (F 0 ring) ( Hanson and Bentolila 2004 ) . Meiosis in anthers is believed to be an energy-intensive process ( Lee and Warmke 1979 ) and so it has been an appealing hypothesis that disrupted pollen development may result from an impairment in mt ATP synthesis caused by an alteration within a subunit of the ATP synthase ( Hanson and Bentolila 2004 ) . Induction of male sterility by artifi cially interfering with mt ATP synthesis would support a role for this enzyme complex in the mediation of the cms phenotype.
The presence of two ATP synthases, mt and cp, in the same cell makes the study of the role of mt ATP synthesis in plants very diffi cult. In fungal (yeast) and animal cells, an effective and specifi c inhibitor of mt ATP synthase is the antibiotic oligomycin ( Wallace and Starkov 2000 ) and extensive studies of oligomycin's mode of action in yeast have identifi ed an oligomycin sensitivity-conferring protein (OSCP) in the peripheral stalk that mediates the inhibitory effect . Oligomycin has been applied to plant systems as an inhibitor of mt ATP synthesis with acknowledgement that oligomycin will also inhibit the cp ATP synthase to varying degrees ( Krömer 1995 ) , but it has been asserted that oligomycin's inhibitory effects can be limited to the mt ATP synthase by the use of very low concentrations of the chemical ( Krömer et al. 1988 ) .
Alternatively, genetic approach(es) might be used to interfere specifi cally with mt ATP synthase activity by silencing the expression of a subunit(s) in the enzyme complex. We chose to transform plants of Arabidopsis thaliana (L.) Heynh. ecotype Columbia with antisense copies of either the OSCP subunit of the mt ATP synthase ( atp5 ; At5g13450) or the γ subunit of the mt ATP synthase ( atp3 ; At2g33040) under the control of a dexamethasone-inducible promoter ( Aoyama and Chua 1997 ) . atp5 and atp3 are good choices for antisense technology because they are both present in single copies in the Arabidopsis genome and neither has regions of signifi cant identity with their cp homologues. Individuals homozygous for a T-DNA insertion in atp5 in Arabidopsis (SALK_010674) could not be recovered, indicating that ATP5 is an essential gene product, and lethality occurred during gametophyte development ( Moore et al. 2003 ) . In situations where complete loss of gene function may be lethal, or a decrease in expression is desired at specifi c developmental stages or in specifi c tissue types, an inducible and modulatable promoter system may be desirable. The glucocorticoid-inducible system of Aoyama and Chua (1997) , wherein a constitutively expressed chimeric transcription factor called GVG (yeast Gal4 binding domainHerpes simplex VP16 activation domain-rat glucocorticoid receptor) becomes activated upon binding of an exogenously applied glucocorticoid such as dexamethasone, has been successfully used in numerous studies of gene function in Arabidopsis (e.g. Kawai-Yamada et al. 2001 , Lally et al. 2001 , van Dijken et al. 2004 , Kagaya et al. 2005 .
The OSCP subunit, or ATP5 (= subunit δ in cp and bacteria), forms part of the peripheral stalk that acts as a 'stator', preventing rotation of the F 1 'head' ( α β ) 3 in concert with the rotation of the central stalk. The γ subunit, or ATP3, is the portion of the central stalk that extends into the F 1 'head', and it is rotation of γ relative to the immobilized ring of ( α β ) 3 that induces changes in the nucleotide-binding states of the three β subunits that result in the synthesis of ATP from ADP and P i (reviewed by Yoshida et al. 2001 ). Deletion of, or mutations in, the OSCP (ATP5) subunit in yeast results in reduced proton translocation through the F 0 moiety , and dissociation of the γ (ATP3) subunit from the rotating F 0 ring appears to block proton translocation in bacteria ( Yoshida et al. 2001 ) , suggesting that loss of either subunit will similarly affect the function of the mt ATP synthase. By varying the levels and the timing of reduced expression of ATP5 or ATP3 during the plant's life cycle we hoped to gain insight into the relative roles of these subunits within the mt ATP synthase and the role of mt ATP synthesis in plants, particularly in relation to cms.
Results

Induction of antisense transcripts for atp5 reduces levels of ATP5 protein
Levels of constitutive GVG expression were determined by northern analysis for all independent transgenic lines (antisense atp5 , antisense atp3 and control lines lacking additional gene sequences) (Supplementary Fig. 1 ), and lines with the lowest levels of constitutive GVG expression were selected for further analysis (anti-atp5-13, anti-atp5-18, anti-atp3-3, anti-atp3-6 , empty vector-J, empty vector-L). All of the chosen lines were phenotypically identical to wild-type when grown without dexamethasone (data not shown), and the addition of dexamethasone to empty vector control lines did not cause any observable phenotypic effects (data not shown and Fig. 3b ), indicating that the GVGdexamethasone combination does not induce phenotypic changes in lines with low levels of GVG expression.
Application of dexamethasone to transgenic lines anti-atp5-13 and anti-atp5-18 resulted in strong induction of the antisense transcript ( Fig. 1a ) , but there was no discernible decrease in the quantity of the endogenous sense atp5 transcript over the same time period ( Fig. 1b ) , suggesting that degradation of the sense transcripts was not occurring, perhaps because of their incorporation into stable antisense:sense RNA duplexes. The existence of stably duplexed antisense:sense atp5 transcripts in dexamethasone-treated anti-atp5-18 was confi rmed by RT-PCR using cDNAs synthesized from RNAs pre-treated with singlestrand-specifi c RNases before reverse transcription ( Fig. 1c ) . Immunoblot analysis of mt proteins using antibodies raised against a peptide sequence specifi c to ATP5 revealed significant reductions in atp5 expression in lines anti-atp5-13 and anti-atp5-18 after dexamethasone treatment, compared with untreated antisense lines and treated empty vector control lines ( Fig. 1d ) . Thus, dexamethasone induction of antisense transcripts in transgenic Arabidopsis lines antiatp5-13 and anti-atp5-18 reduced protein levels of the ATP5 subunit of mt ATP synthase.
Reduced expression of ATP5 alters total cellular ATP levels
We expected that reduced levels of ATP5 would reduce mt ATP synthase activity with concomitant reductions in mt ATP synthesis. In light-grown plants, the contribution of chloroplastic ATP production to total cellular ATP is expected to be overwhelmingly greater than the contribution of mt ATP production, and that, as a result, any decrease in mt ATP production would be unmeasurably small. Unexpectedly, reduced expression of ATP5 caused increased levels of total cellular ATP, relative to uninduced controls, in leaves of 5-week-old plants grown at a light intensity of either 150 µE m -2 s -1 or 300 µE m -2 s -1 ( Fig. 2a ) . The potentially complicating contribution of photosynthesis-derived chloroplastic ATP synthesis was eliminated by germinating seed on dexamethasone-containing media in the dark; as expected, total ATP levels were decreased in complete etiolated seedlings in response to dexamethasone induction when germinated on a Murashige-Skoog (MS) salts medium lacking sucrose ( Fig. 2b ), but unexpectedly, total ATP levels were increased over uninduced levels in response to dexamethasone induction in etiolated seedlings germinated on MS salts medium containing sucrose ( Fig. 2b ).
Reduced expression of ATP5 impairs growth and alters leaf morphology
Anti-atp5 seedlings germinated in the light on media containing dexamethasone died very soon after emergence and seedlings did not develop beyond the small radicles and cotyledons present after initial germination ( Fig. 3a ) . Application of dexamethasone by watering to established soil-grown anti-atp5 seedlings resulted in subsequent slowed growth and development, and downward curling of leaves that became increasingly pronounced over time ( Fig. 3b ) . The morphogenesis of all leaf-like structures was affected; the cauline leaves and sepals of the infl orescences of induced anti-atp5 plants were very strongly incurved ( Fig. 3c, d ). The induction of bolting in response to long day conditions was not affected by antisense atp5 expression (data not shown), but the tight cupping of sepals often prevented other fl oral organs from expanding and emerging normally ( Fig. 3d ) . Fertility was not reduced in the ball-like fl owers; pollen viability, as measured by a succinate dehydrogenase assay, was 100 % in fl owers from induced plants (data not shown) and pollination occurred within the closed fl owers resulting in maturing siliques pushing through the closed fl owers. Germination rates of seed from induced and uninduced plants were also identical (data not shown). Anti-atp5 seedlings etiolated on media containing dexamethasone were signifi cantly shorter than uninduced seedlings, irrespective of the presence of sucrose in the medium ( Fig 3e, f ) . 
Reduced expression of ATP5 increases expression of genes associated with mt division
To account for the observation that levels of endogenous sense transcripts for atp5 did not decrease, and sometimes increased, in response to induction of the antisense transcript, we hypothesized that the cell may be responding to decreased levels of ATP5 by attempting to increase overall expression of the ATP synthase complex via increased mt division. The transcription of another subunit of mtATP synthase, atp3 , was observed to greatly increase in response to antisense expression of atp5 ( Fig. 4a ), suggestive of overall increased transcription of all subunits of the mt ATP synthase complex. Furthermore, preliminary observations of GFP-labeled mt ( Logan and Leaver, 2000 ) in induced soil-grown anti-atp5 plants revealed an increase in total numbers of mitochondria, many of which were arranged in chains of four or more, suggestive of recent mt division ( Supplementary Fig. 2 ). Certain dynamin-related proteins (DRPs) have been implicated in the control of mt division [DRP3A, DRP3B ( Arimura and Tsutsumi 2002 , Logan et al. 2004 , Mano et al. 2004 ) and DRP1C ( Jin et al. 2003 ) ], and thus increased transcription of these genes would indicate that mt division is occurring. Signifi cant increases in transcript levels for drp3A , drp3B and drp1C were observed within 3 d of dexamethasone induction in anti-atp5-18 plants ( Fig. 4a, b ) , strongly supporting the hypothesis of increased mt division in response to decreased levels of ATP5.
Induced anti-atp3 lines are phenotypically identical to induced anti-atp5 lines
Analogous to the results obtained with the anti-atp5 lines, application of dexamethasone to transgenic anti-atp3 lines caused a strong induction of the antisense transcript without a concomitant reduction in the quantity of the endogenous atp3 transcript (data not shown). The anti-atp3 lines were not characterized further at the molecular level, but dexamethasone induction resulted in phenotypes that were essentially identical to those of the induced anti-atp5 lines. (i) Anti-atp3 seedlings induced during germination in the light died soon after germination (data not shown).
(ii) Induced anti-atp3 plants had slowed growth and characteristic downward curling and twisting of leaves ( Fig. 5a ), including severely incurved sepals of fl owers. (iii) Induced etiolated anti-atp3 seedlings were signifi cantly shorter than uninduced etiolated seedlings, irrespective of the presence of sucrose in the medium ( Fig. 5b ). (iv) Total ATP levels increased in induced light-grown anti-atp3 plants ( Fig. 5c ), and in etiolated seedlings induced on media containing sucrose ( Fig. 5d ), but decreased in etiolated seedlings induced on media lacking sucrose ( Fig. 5d ). (v) Induction of anti-atp3 resulted in increased transcription of another subunit of mt ATP synthase ( atp5 ) and three dynaminrelated proteins ( drp3A , drp3B and drp1C ) associated with mt division ( Fig. 5e ). , drp3B and drp1C in response to 0, 3 or 6 d exposure of anti-atp3-3 seedlings to dexamethasone. rpl19 is an internal control, chosen for its high and constitutive level of expression ( Barakat et al. 2001 ) . RNAs were isolated from seedlings fl oated on water containing 500 µM dexamethasone. 
Leaf curling of antisense lines resembles the phenotype of mutants with down-regulated TCP expression
The leaf curling phenotype induced by antisense expression of atp5 and atp3 is strikingly reminiscent of the phenotype presented in Arabidopsis in response to a drastic reduction in transcripts for certain tcp genes ( Palatnik et al. 2003 ) , analogous to the cin mutation phenotype in snapdragon ( Nath et al. 2003 ) . In both cases, leaves are not fl at but are cupped downward or wavy-edged, and when fl attened, tears or pleats appear in the leaf edges ( Nath et al. 2003 , Palatnik et al. 2003 . Flattening of leaves from dexamethasone-induced anti-atp5 and anti-atp3 plants resulted in tears or overlapping pleats in the leaves whereas leaves from uninduced Arabidopsis plants can be easily fl attened without resulting tears or pleats ( Fig. 6a ). Semi-quantitative RT-PCR analysis revealed that transcripts for tcp3 and tcp4 , transcription factors that have been demonstrated to be signifi cantly down-regulated in Arabidopsis plants displaying downward-curled or crinkly leaves ( Palatnik et al. 2003 ) ,
were down-regulated in anti-atp5 and anti-atp3 plants within 6 d of dexamethasone application ( Fig. 6b ).
Oligomycin treatment does not replicate effects of reduced expression of ATP5
The effects of induced antisense expression of atp5 or atp3 could not be replicated by treatment of wild-type or transgenic plants with oligomycin at any concentration. There was no reduction in total ATP levels in dark-grown seedlings fl oated in oligomycin or in etiolated seedlings germinated on oligomycin-containing media, nor was the length of etiolated seedlings reduced in response to oligomycin treatment. In contrast, oligomycin treatment of light-grown seedlings resulted in signifi cant reductions in total ATP levels ( Supplementary Fig. 3 ).
Discussion
In order to determine the role of mt ATP synthesis in whole plant development, we reduced the expression of two different subunits (OSCP and γ ; ATP5 and ATP3) of the mt ATP synthase via antisense technology using a dexamethasone-inducible promoter ( Aoyama and Chua 1997 ) . Both the rapid senescence of light-grown seedlings and the stunting of etiolated seedlings when seeds are germinated on dexamethasone-containing media indicate that mt ATP synthesis is essential within the plant because growth ceased soon after contact between the radicle and the dexamethasone. The use of the dexamethasone-inducible promoter system was critical to the success of this study; if antisense expression had been constitutive, germination would have been completely prevented, a hypothesis which is supported by previous analyses of a T-DNA insertion line for atp5 that indicated that loss of ATP5 function is gametophytically lethal ( Moore et al. 2003 ) . Antisense transgene technology and an inducible promoter have therefore permitted the study of a metabolically critical enzyme complex (mt ATP synthase) and allowed its study to be extended beyond isolated protoplasts and leaf disks to whole plants at any developmental stage. Antisense expression of atp5 and atp3 resulted in identical phenotypic effects, suggesting that both subunits are essential to the functioning of the mt ATP synthase and that similar derangement of mt ATP synthase function results from the loss of either subunit. Blockage of proton fl ow through the F 0 moiety has been proposed to result from loss or dissociation of the OSCP or γ subunit from the mt ATP synthase , Yoshida et al. 2001 . Cessation of proton fl ow through the mt ATP synthase would stop proton transfer-coupled electron transport through complexes I, III and IV of the electron transport chain, but alternative electron transport through an alternative oxidase (AOX) would allow the continued formation of TCA intermediates and substrate-level phosphorylation (reviewed in Fernie et al. 2004 ) . The transcription of an alternative oxidase ( aox1a ; Karpova et al. 2002 ) was signifi cantly increased within 1.5 h of dexamethasone induction for both anti-atp5 and anti-atp3 lines (data not shown), suggesting that proton fl ow has been blocked and that electron fl ow is being partially maintained via expression of an alternative oxidase. A signifi cant effect of antisense expression of atp5 or atp3 is thus expected to be changes in the redox status of the cell as a result of blockages in electron transfer. The decreases in total cellular ATP observed in etiolated transgenic seedlings induced on media lacking sucrose supports the hypothesis that reduced expression of ATP5 or ATP3 impairs mt ATP synthesis. However, the increased levels of total cellular ATP that were observed in either soilgrown transgenic plants induced in the light or in etiolated transgenic seedlings induced in the dark on media containing sucrose suggests that under certain conditions, reduced mt ATP production causes an up-regulation in ATP production from other sources in the cell, such as pools of ADP, AMP and P i , substrate phosphorylation in the cytoplasm or mitochondrion, photophosphorylation in the chloroplast or adenylate kinase activity in the mitochondrion. These alterations may occur either in direct response to the effects of deranged mt ATP synthase functioning, such as decreased levels of intra-mitochondrial ATP, or indirectly, in response to downstream effects arising from that deranged functioning, such as changes in redox status resulting from blockages in the electron transfer chain.
Although numerous studies of the role of mt ATP synthesis in plant cells have relied on the 'specifi c' inhibition of mt ATP synthesis by oligomycin, in our hands, oligomycin did not parallel the effects of the transgenes. We were unable to reduce ATP levels in any oligomycin-treated seedlings grown in the dark, at any level of oligomycin exposure. Conversely, application of oligomycin to light-grown plants at levels purported to be low enough to specifi cally inhibit mt ATP synthesis (<10 µg/ml) ( Krömer et al. 1988 ) , caused clear reductions in total cellular ATP, directly counter to the increases seen in antisense lines; the increased ATP levels seen in induced anti-atp5 and anti-atp3 plants in the light was especially unexpected because oligomycin-based studies had reported that reductions in mtATP synthesis reduced photosynthesis ( Krömer 1995 ) . Oligomycin also did not cause the same morphological effects as induction of the transgenes, such as stunting of etiolated seedlings or downward curling of light-grown leaves. These data suggest that oligomycin's effects may not be specifi c to the mt ATP synthase and that some of the conclusions of previous oligomycin-based studies need to be reassessed using the transgenic plants presented here.
The pronounced and characteristic, but seemingly unrelated, phenotypes that are associated with reduced ATP5 and ATP3 expression are the specifi c downstream ramifi cations of generalized metabolic shifts, such as changed redox status, resulting from the blockage of proton fl ow through the mt ATP synthase. The short stature of induced etiolated seedlings and the slowed growth of induced lightgrown plants would seem unremarkable given that the primary source of energy for biosynthetic processes in the cell, particularly sucrose synthesis, has been purported to be mt ATP ( Krömer 1995 , Padmasree et al. 2002 ; in other words, the plants are simply 'starving'. However, the observation that etiolated seedlings that are induced on sucrose-containing media are as short as those induced on media lacking sucrose, despite cellular ATP levels as high or higher than control levels, indicates that the cause of the shortening is neither a simple lack of sucrose nor a lack of ATP for sucrose synthesis. The distinctive downward leaf curling in induced anti-atp5 and anti-atp3 plants was associated with reduced transcription of transcription factors TCP3 and TCP4. Reduced transcripts of tcp3 and tcp4 were fi rst identifi ed as the genetic cause of a wavy leaf margin phenotype in Arabidopsis ( Palatnik et al. 2003 ) and have since been associated with similarly downward-curled leaves in Arabidopsis plants with deranged auxin metabolism ( Qin et al. 2005 ) ; our data thus suggests that transcription of these developmentally important transcription factors is regulated by metabolic signals, such as changes in redox status. Similarly, the increased transcription of drp genes in response to antisense induction would appear to be responsive to the same regulatory signal(s).
Dexamethasone-treated anti-atp5 and anti-atp3 plants did not exhibit signifi cant reductions in male fertility, or plant reproduction in general. Induced and uninduced plants initiated bolting on identical days after exposure to long days, and despite the ball-like fl owers caused by the cup-shaped sepals, stamens full of viable pollen were formed and pollination occurred, even in unopened fl owers. The lack of reduced fertility observed in these experiments was surprising because complete loss of ATP5 function has been demonstrated to be gametophytically lethal by a T-DNA insertion line ( Moore et al. 2003 ) . It is possible that a threshold of reduced expression must be reached for the deleterious effects on fertility to be manifested and that the dexamethasone-induced reductions in expression are below the required threshold. Another possibility is that antisense expression did not occur in the fl oral organs; although the 35S promoter has been successfully used to drive expression in many transgenic studies of male fl oral development (e.g. Zhao et al. 2003 , Ru et al. 2006 , Dai et al. 2007 , numerous reports indicate that the activity of the CaMV 35S promoter in fl oral organs may be very poor in many species and nearly non-existent in pollen (see Wilkinson et al. 1997 for review).
In conclusion, we have created transgenic Arabidopsis plants in which the functioning of mt ATP synthase is specifi cally altered as a result of the antisense expression of either subunit OSCP (ATP5) or subunit γ (ATP3) under the control of a temporally and quantitatively inducible promoter. These plants provide a means of examining the role of mt ATP synthase in plant metabolism without the complications inherent in previous oligomycin-based studies. Our data show that inhibition of the mt ATP synthase can have profound pleiotropic phenotypic effects, such as stunting, leaf curling or upregulation of genes related to increased mt division, and we suggest that these effects result from downstream alterations in the metabolic state of the cell.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana (L.) Heynh. ecotype Columbia was used in all experiments.
Experiments with plants grown in soil . Seed was surfacesterilized, stratifi ed on 0.8 % agar-solidifi ed 0.5 × MS medium and grown within the same Petri plates for 10-20 d in growth chambers under short-day (SD) conditions (10 h light:14 h dark; 120 µE m −2 s −1 ) before transplantation to soil. Plants were routinely grown under SD; bolting was induced by transfer to long-day (LD) conditions (18 h light:6 h dark). Plants were fertilized weekly and watered as needed.
Experiments with etiolated seedlings . Seeds were grown as above but in foil-wrapped Petri plates, with or without the inclusion of 1 % sucrose or 50 µM dexamethasone in the medium. Etiolated seedling length was determined manually from digital images using Scion Image for Windows (Scion Corporation, www.scioncorp.com ) .
Application of chemical inhibitors and inducers . The dexamethasone stock solution was added to either agarsolidifi ed medium, solutions for soil watering or hydroponic solutions, as a 100 mM suspension in water. Oligomycin was prepared as a 100 mg/ml stock solution in methanol; control experiments were treated with the corresponding quantity of methanol alone.
Plant transformation constructs
The dexamethasone-inducible transformation vector pTA7001 ( Aoyama and Chua 1997 ) was kindly provided by Dr Nam-Hai Chua (Rockefeller University, New York, USA). Total RNAs isolated from leaf tissue using the RNeasy Plant Mini Kit ( www. qiagen.com ) were used to synthesize cDNAs using the RETROscript kit ( www.ambion.com ). The complete coding sequences for the atp5 (OSCP = δ ) subunit (At5g13450) and the atp3 ( γ ) subunit (At2g33040) were fi rst amplifi ed from cDNAs via primer pairs DatpF (5 ′ -AATGGCTAATCGTTTCAGATC-3 ′ ) and DatpR (5 ′ -TTTCAGAGGTTGTTGAAGTC-3 ′ ), and GatpF (5 ′ -CCTTTAATCAATGGCAATGG-3 ′ ) and GatpR (5 ′ -GATGGGCTTATTTAGCAGC-3 ′ ), respectively. Spe I and Xho I sites were added to the upstream and downstream primers, respectively, to allow cloning in the antisense orientation, and the fi rst amplifi cation products were reamplifi ed with primers DatpSpe (5 ′ -GACTAGTATGGCTAATCGTTTCAG-3 ′ ) and DatpXho (5 ′ -CCGCTCGAGTCAGAGGTTGTTGAAG-3 ′ ), and GatpSpe (5 ′ -GACTAGTATGGCAATGGCTGTTTTC-3 ′ ) and GatpXho (5 ′ -CCGCTCGAGTTATTTAGCAGCTTCAAG-3 ′ ). Products were digested by Xho I and Spe I, ligated to the pTA7001 vector and introduced into Escherichia coli . Constructs were verifi ed by sequencing and introduced into Agrobacterium tumefaciens (C58) by electroporation.
Plant transformation
Plants were grown in greenhouses at 20-25 ° C with light intensities <200 µE m −2 s −1 and transformed by the fl oral dip method ( Clough and Bent 1998 ) . Control lines were created by transformation with an empty vector (pTA7001). Transformed seed was selected on 0.5 × MS medium containing 50 µg/ml hygromycin. T1 lines were selfed and lines with single insertions were selected based on 3 : 1 segregation ratios for hygromycin resistance. For each construct, 10 or 12 homozygous T3 lines were selected, and lines expressing the lowest levels of GVG, based on northern hybridization analysis, were chosen for further study.
Northern blot, RT-PCR and semi-quantitative RT-PCR
Total RNAs were isolated from either 2-to 3-week-old sterile seedlings that were fl oated for different lengths of time on water containing 500 µM dexamethasone (antisense and sense gene expression, RT-PCR) or leaves of untreated soilgrown plants (GVG expression).
RNA used in all RT-PCR reactions fi rst had contaminating DNAs removed by treatment with the DNase I product DNA-free ( www.ambion.com ). First-strand cDNA was synthesized from heat-denatured RNAs using oligo(dT) primers provided with the RETROscript kit ( www.ambion.com ). RT-PCR was performed on 1 µl of the cDNA preparation, or RNA (no RT control) using Taq DNA polymerase ( www.fermentas.com ) and the following conditions: initial denaturation at 94 ° C, 4 min; 30 cycles of (94 ° C, 0.5 min; 50 ° C, 0.5 min; 72 ° C, 1 min) and fi nal extension at 72 ° C, 10 min. Duplexed RNAs were detected by treatment of the DNase-treated RNAs with RNase A ( www.ambion.com ) before cDNA synthesis and then amplifi cation with primers specifi c for 18S rRNA (single-stranded control), atp5 or atp3 (see Supplementary Table 1) .
For northern analysis, RNA samples were denatured and electrophoresed in formaldehyde gels that were subsequently blotted in 20 × SSC. RNA probes were synthesized by incorporation of DIG-UTP during in vitro transcription from PCR-derived templates (Maxiscript; www.ambion.com ) that had T7 promoters incorporated at either the 3 ′ (antisense) or the 5 ′ (sense) end by addition of the T7 sequence to the downstream or upstream primer, respectively (see Supplementary Table 1 for primer sequences) .
For semi-quantitative RT-PCR, 0.05-0.1 µl of cDNA preparation was used in PCR amplifi cations of 25 cycles. One half of the product was electrophoresed and blotted using the Southern blotting protocol recommended for digoxigenin-labeled probes ( www.roche.com ). DNA probes corresponding to the RT-PCR product were synthesized by incorporation of DIG-dUTP during PCR amplifi cation from cDNA templates using 0.5 µl of cDNA preparation and 35 cycles of amplifi cation.
Hybridizations and detections for both northern and Southern analyses were performed as recommended for labeling with digoxigenin ( www.roche.com ).
Immunoblot detection of ATP5
Antibodies against the synthetic peptide RTRAQQMERLL-REPVDF, which corresponds to amino acids 219-235 of the atp5 reading frame, were raised in rabbits by standard methods. Peptide construction, immunization and serum collection were performed by Open Biosystems (Huntsville, AL, USA).
Mitochondria were isolated on Percoll gradients ( Millar et al. 2007 ) from 2-week-old seedlings that had been fl oated in water containing 300 µM dexamethasone for 5 d. Mitochondrial pellets were resuspended in protein extraction buffer containing 137 mM NaCl, 27 mM KCl, 100 mM NaHPO 4 , 2 mM K 2 HPO 4 (pH 7.4), 1 × complete protease inhibitor cocktail (Roche) and 0.5 % Triton X-100.
Aliquots of proteins were electrophoresed in linear 12 % SDS-polyacrylamide gels, electroblotted onto nitrocellulose and incubated with primary antiserum and secondary antirabbit antibody according to standard protocols; antiserum was diluted 1 : 1500.
ATP measurements
Leaves of soil-grown plants were sampled 4 h after the start of the light cycle, after 14 d of watering with 15 µM dexamethasone or water alone; complete etiolated seedlings were harvested 10 d after germination. Samples were immersed in sterile water to cover (250-750 µl), frozen in liquid N 2 and then boiled for 15 min to destroy any ATPases ( Yang et al. 2002 ) . Total ATP content in the supernatant was determined using a luciferase-based assay (ATPlite 1 step; www.perkinelmer.com ), luminescence was measured in a luminometer (Victor 2 1420 Multilable Counter; www.perkinelmer.com ) and ATP content was correlated with luminescence by comparison with an ATP standard provided in the kit. Samples were normalized to total soluble protein content ( Bradford 1976 ) of the supernatant, using bovine serum albumin as a standard.
Succinate dehydrogenase assay
To determine pollen viability, pollen that was collected on microscope slides was incubated at 37 ° C for 1 h in the presence of succinate dehydrogenase activity assay solution [equal parts 0.2 M sodium succinate, 0.12 M nitro blue tetrazolium and 0.06 M phosphate buffer (pH 7.3), with KCN added to a fi nal concentration of 1 mM]. Wild-type pollen and heat-killed pollen were used as positive and negative controls, respectively, for the assay.
